The soil water retention curve (SWRC) is a fundamental hydraulic property majorly used to study flow transport in soils and calculate plant-available water. Since, direct measurement of SWRC is time-consuming and expensive, different models have been developed to estimate SWRC. In this study, a fractal-based model was developed to predict SWRC. A wide range of soil textures (130 soil samples) was used to determine the fractal dimension of SWRC (DSWRC). Moreover, the SWRC pedotransfer functions were established based on easily available soil properties such as particle size distribution and bulk density by applying multiple linear regression analysis. The measured DSWRC for 110 soil samples was considered for function parameterization and the remaining was used for model validation. The results illustrated that the DSWRC linearly correlates with clay and silt contents and soil bulk density (r 2 = 0.909). The SWRC can, therefore, be easily and concisely estimated by the proposed fractal-based functions.
The increasing concern with groundwater pollution and contamination of soils has stimulated the development of numerous mathematical models of pollutant transport in soils. The most important approaches to model transient water and solute transport in the vadose zone are based on the Richards equation. To solve this equation, the knowledge of the soil hydraulic properties, namely, the soil water retention curve (SWRC) and the unsaturated hydraulic conductivity is required and on the other hand, Measurements of hydraulic properties are expensive, time-consuming and highly variable (Patil and Chore, 2014) .
The soil water retention curve (SWRC) is one of the important hydraulic functions in water flow modeling and solute transport in the porous medium. Many theoretical and empirical models for the SWRC have been developed (Brooks and Corey, 1964; van Genuchten, 1980; Russo, 1988) . Models parameters are usually estimated by fitting the functions to measured SWRC data. Recently, the pedotransfer functions are used to empirically describe the relationship between the parameters and basic soil data (Scheinost et al., 1997; Schaap et al., 1998; Minasny et al., 1999; Elsenbeer, 2001; Wo¨sten et al., 2001) . Modern hydrological models require information on hydraulic conductivity and soil-water retention characteristics. All hydraulic properties, the soil-water characteristics, hydraulic conductivity and soil-water diffusivity (SWD) are closely related to the geometry of a porous media (Brooks and Corey, 1966; Burdine, 1953) . In recent years, the formulation of fractal geometry has attracted much attention as a powerful tool for describing various complex natural phenomena, in particular, in mechanics and physics of rocks and soils (Turcotte, 1992; Borodich, 1997) .
Recent applications of fractal geometry provide a useful tool to bridge the gap between the use of empirical models and physical interpretation of their parameters (Tyler and Wheatcraft, 1990; Rieu and Sposito, 1991a,b; Perrier et al., 1996; Perfect et al., 1998) . It has been shown that both the solid and pore phases have affine self-similarity, which can be characterized by different fractals (Gime´nez et al., 1997) . Fractals describe hierarchical systems and are suitable to model the heterogeneous soil structure with tortuous pore space (Rieu and Sposito,1991a; Xu and Sun, 2002) . Toledo et al., (1990) modeled the soil-water characteristic curve (SWCC) and unsaturated hydraulic conductivity using fractal geometry and thin-film theory. Tyler and Wheatcraft (1990) derived the unsaturated hydraulic conductivity functions based on the fractal model for the soilwater characteristic curve (SWCC) and the relative conductive models developed by Mualem (1976) and Burdine (1953) .
In general, fine-textured soils have higher fractal dimensions, while coarse-textured soils have smaller fractal dimensions (Tyler and Wheatcraft, 1992; Comegna et al., 2000; Huang and Zhan, 2002) .
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Fractal dimensions of the solid matrix (that is, soil particle size distribution and soil texture) and the void phase (that is, soil pore size distribution and soil pore surface) can characterize by the fractal nature of soils. Nevertheless, further study is required to quantify the relationship among the fractal dimensions of the soil solid and void phases and the fractal dimension used in the SWRC (Huang and Zhang, 2005) . Perfect (2005) used the fractal geometry to simulate porous media structure and revised by Cihan et al., (2007) . A sensitivity analysis that was carried out on Tyler and Wheatcraft (1990) model showed that the SWRC fractal dimension (D SWRC ) is the most sensitive parameter in model, whereas this model is less sensitive to the saturated water content and air entry value (GhanbarianAlavijeh et al., 2008 ) . Some other researchers applied the fractal theory to investigate the SWRC and used the fractal dimensions of the SWRC to describe the corresponding SWRC (Wang et al., 2005; Ghanbarian-Alavijeh and Hunt, 2012) . However the exponent of soil water retention curve, D SWRC is physically meaningful, its direct measurement is difficult in laboratory and also field soil water retention experiments are laborious and time consuming. So estimation of D SWRC based on the available data, can be very useful alternative.
As mentioned, Porous media (e.g. soils, rocks, etc.) are heterogeneous systems composed of numerous, different and interacting components and the complex nature of them complicates any prediction of their hydraulic properties (van Damme, 1995) . Soil particle size distribution has fractal properties. Hence, fractal model can be used to estimate the soil water retention curve. Thus determining the D SWRC from SWRC experimental data, establishing a relationship among D SWRC and soil readily available characteristics (i.e. clay, silt and sand contents and bulk density), and finally validating the developed relationship in SWRC estimation were the main objectives of this study. (Moravvej et al., 2003) and the soil is classified as Xeric Haplocalcid (Moravvej et al., 2003) .
MATERIALS AND METHODS

Soil sampling and soil properties measurement:
The soil samples cover most range of texture classes. Table 1 shows the general characteristics of studied soils. Disturbed samples were air dried, passed through 2 mm sieve, so, soil texture determined according to the USDA texture classification standards (Hillel, 1998) . Undisturbed samples were used to measure bulk density (Blake and Hartge, 1986) and to obtain SWRC. The soil water retention data were measured using the pressure plate apparatus (Model 1500, Soil moisture Equipment, CA) at seven matric potentials (100, 300, 1000, 3000, 5000, 10000 and 15000 cm), , then the SWRC for each soil was determined. Method: The fractal model used in this study was the Tyler and Wheatcraft (1990) model that express by Eq. 1 as:
Where ψ, is the capillary tension head (cm) and θ is the soil water content (cm 3 cm 3 ), θ s , is the saturated soil water content (cm 3 cm 3 ), ψ a is the air entry pressure (cm), D m is the fractal dimension of SWRC.
The measured D SWRC for 110 soil samples, used for regression analysis and 20 soil samples was used for model validation. So, 110 soil samples in the regression model were employed to derive the relationship between the fractal dimension of SWRC and other soil physical parameters including clay, silt and sand percent and bulk density. Multiple Linear Regression analysis was done using Sigma Plot software.
Quantitative assessment of model performances:
To test the validity of the model in predicting retention curve plot of observed and estimated values, determining factor (R 2 ) (at the significant level of 1%) and Root Mean Square Error (R MSE ) was used.
Model calibration: To calibrate the model, were drawn the moisture content of the initial and final points of measured and estimated soil water retention curves ( 100 and 15000 cm), and was used the slope and intercept of the fitted line on the two points for calibration (Ghanbarian-Alavigeh, et al., 2007) . The estimated soil water retention curves were compared with the measured data, and the difference between the estimated soil water retention curves and the measured data was then quantified by using the Mean Absolute Error (MAE) and Mean Square error (MSE). Linear regression was then performed between measured and estimated water content for all soils and coefficients of determination (R 2 ) was determined.
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RESULTS AND DISCUSSION
The SWRC fractal dimension determining with soil moisture curve, ranged between 2.73 to 2.89 for loam and clay soil texture classes. Table 2 shows the values of maximum, minimum and average soil moisture curve measured fractal dimensions for texture studied.
Estimated fractal dimension values depended on soil texture as soils with coarse texture had lower fractal dimension values than soils with fine texture. Tyler and Wheatcraft (1992) , Rieu and Sposito (1991b) as well as Filgueira et al., (1999) and Kravchenko and Zhang (1998) using respectively, the soil mass distribution, the aggregate size distribution and the particle-size distribution in the three-dimensional Euclidian domain, have found that the fractal dimension of soils were in the range of 2 to 3. Based on the results, the relationship among the fractal dimension of SWRC and other parameters including, clay, silt and sand percent and bulk density using regression analysis were established as follows:
in which, D SWRC is the estimated fractal dimension of soil water retention curve, C and S are clay and silt content and Bd is soil bulk density (cm 3 cm -3 ).
The regression analysis showed a high correlation between D SWRC , clay and silt content and soil bulk density with goodness of fit, R 2 = 0.909. Also The D SWRC could be approximated by using clay and silt contents and soil bulk density as obtained regression model.
A comparison of estimated fractal dimension values with obtained regression model and measured fractal dimension with soil moisture curve is shown in Fig.  1 . Table 3 shows the MAE, MSE and R 2 obtained from comparing all data of the measured soil water content versus the estimated by using obtained regression model. The results showed a reasonably good estimation of soil water retention curves for the most of soils. Similar results were also found by Fazeli et al., (2010) . 
